The aims of this study were to investigate the association between smoking and incident type 2 diabetes, accounting for a large number of potential confounding factors, and to explore potential effect modifiers and intermediate factors.
RESULTS
In men, the HRs (95% CI) of type 2 diabetes were 1.40 (1.26, 1.55) for former smokers and 1.43 (1.27, 1.61) for current smokers, independent of age, education, center, physical activity, and alcohol, coffee, and meat consumption. In women, associations were weaker, with HRs (95% CI) of 1.18 (1.07, 1.30) and 1.13 (1.03, 1.25) for former and current smokers, respectively. There was some evidence of effect modification by BMI. The association tended to be slightly stronger in normal weight men compared with those with overall adiposity.
CONCLUSIONS
Former and current smoking was associated with a higher risk of incident type 2 diabetes compared with never smoking in men and women, independent of educational level, physical activity, alcohol consumption, and diet. Smoking may be regarded as a modifiable risk factor for type 2 diabetes, and smoking cessation should be encouraged for diabetes prevention.
Evidence is accumulating that smoking is associated with a higher risk of type 2 diabetes. In the 2007 meta-analysis of Willi et al. (1) , including 25 prospective cohort studies, current smokers had a significantly higher risk of developing type 2 diabetes compared with never smokers (relative risk [RR] 1.44 [95% CI 1.31, 1.58]). In a 2014 updated metaanalysis, including 46 studies, current smoking was associated with a pooled RR of 1.37 (95% CI 1.31, 1.44) (2) . The association between smoking and incident diabetes differed between men and women in the updated meta-analysis, with a slightly higher risk for men (2) . Although a definitive causal association has not been established, a relationship between cigarette smoking and type 2 diabetes is biologically plausible. Smoking increases blood glucose concentration after an oral glucose tolerance challenge (3) and may impair insulin sensitivity (4) . Smoking is associated with higher energy expenditure and lower appetite, which could explain lower body weight in smokers and weight gain after smoking cessation (5) . Furthermore, although smokers tend to have a lower BMI than nonsmokers, smokers are more likely to have abdominal fat accumulation (6) . Because abdominal obesity is related to insulin resistance and the development of type 2 diabetes, it is possible that smokers have a higher risk of type 2 diabetes because of the presence of abdominal obesity. However, whether an association between smoking and type 2 diabetes is mediated by overall and/or regional adiposity is not fully clear.
Conversely, noncausal explanations are also possible for the association between smoking and type 2 diabetes. Smoking is associated with other unhealthy behaviors that may have an impact on type 2 diabetes, such as insufficient physical activity, higher alcohol consumption, and diets low in fruits and vegetables (7) . This clustering of unhealthy behaviors is more common among people of lower socioeconomic status (SES). SES is a complex indicator of lifestyle, behavior, knowledge of health promotion, and access to health services. Type 2 diabetes is more prevalent among lower SES groups (8) .
Many previous studies did not take these factors fully into account. For example, only 11 of the 46 studies included in the updated meta-analysis adjusted the analyses for dietary factors, and another 13 adjusted for educational level (2) . Therefore, any reported association between smoking and diabetes could be a result of residual confounding (1) . In addition, the relationship between smoking and type 2 diabetes in different countries needs to be investigated for country-specific variations in smoking behavior and patterns of confounding.
To elucidate these unresolved issues in the relationship between smoking and type 2 diabetes, we investigated the association between smoking and incidence of type 2 diabetes while accounting for a large number of potential confounding factors, including age, dietary factors, physical activity, and educational level. Furthermore, potential heterogeneity between men and women was studied. Finally, we explored whether the relationship between smoking and type 2 diabetes is modified by overall or regional adiposity. These issues were addressed in the European Prospective Investigation into Cancer and Nutrition (EPIC)-InterAct study, a case-cohort study of participants from eight European countries.
RESEARCH DESIGN AND METHODS

Population
The InterAct project investigates how genes and lifestyle factors interact in their influence on the risk of type 2 diabetes development. The design and methods of the EPIC-InterAct study have been previously described (9) . In brief, InterAct consortium partners ascertained and verified incident cases of type 2 diabetes occurring in EPIC cohorts between 1991 and 2007 from 8 of the 10 EPIC countries (26 centers). Multiple sources of evidence were used for ascertainment and verification of incident type 2 diabetes in the entire EPIC data set: self-report, linkage to primary care registers, secondary care registers, medication use, hospital admission data, and mortality data. EPIC participants without stored blood (n = 109,625) or without reported diabetes status (n = 5,821) were not eligible for the EPIC-InterAct study. In a total of 340,234 EPIC participants with a mean duration of follow-up of 11.7 (0-17.5) years, 12,403 verified incident cases of type 2 diabetes were identified. A centerstratified, random subcohort of 16,835 individuals was selected; after exclusion of 548 individuals with prevalent diabetes and 133 with unknown diabetes status, the subcohort included 16,154 individuals. Because of random selection, this subcohort also included a random set of 778 individuals who had developed type 2 diabetes during followup. From a total of 27,779 participants, we excluded people with unknown smoking status (n = 339) and people who exclusively smoked cigars or pipes (n = 558). In addition, we excluded participants with missing information on number of cigarettes per day, on time since quitting, and on potential confounding/ intermediate factors (n = 1,539). Finally, people with missing waist circumference measurements were excluded (n = 1,829), leaving for the current analyses a total of 10,327 incident type 2 diabetes cases and 13,863 subcohort individuals, of whom 676 developed incident type 2 diabetes.
Assessment of Smoking
Information about smoking status at baseline (never, former, current), age at starting and quitting smoking, type of tobacco (cigarettes, cigars, pipes), current number of cigarettes smoked (current smoking intensity), lifetime number of cigarettes (lifetime smoking intensity), and duration of cigarette smoking at baseline was collected by lifestyle questionnaires in all centers. Packyears of cigarette smoking was calculated as (lifetime smoking intensity / 20) 3 duration of smoking. On average, a pack contains 20 cigarettes.
Other Covariates
Occupational and leisure time physical activity were assessed with a questionnaire and categorized according to the Cambridge Physical Activity Index (10). Diet was assessed using a self-or interviewer-administered dietary questionnaire developed and validated within each country to estimate usual individual food intake (11) . Educational level was self-reported and categorized as follows: no formal education (reference), primary school, technical school, secondary school, and university degree. History of previous illness included cardiovascular disease (angina, stroke, myocardial infarction), previous cancers, hypertension and hyperlipidemia, and/or use of medication. Additionally, information on family history of type 2 diabetes in a first-degree relative was recorded for all participants except for those in Italy; Spain; Heidelberg, Germany; and Oxford, U.K. BMI and waist circumference were measured according to standardized operating procedures. Waist circumference was not measured in the Umeå center in Sweden. Overweight and obesity (i.e., overall adiposity) were defined as a BMI $25 and $30 kg/m 2 , respectively. Abdominal obesity (i.e., regional adiposity) was defined as a waist circumference $88 cm for women and $102 cm for men.
Statistical Analyses
All analyses were carried out for men and women separately. A modified Cox proportional hazards regression [modified for case-cohort designs (12) with Prentice weighting (13) ] was used to estimate hazard ratios (HRs). Age was used as the primary time axis, with age at recruitment as the starting age and age at diagnosis of type 2 diabetes, death, or censoring (31 December 2007), whichever came first, as the exit age. HRs were first calculated for the entire casecohort. Next, country-specific HRs were estimated with adjustment for study center. These were included in random-effects meta-analysis, and forest plots are shown (Supplementary Data), with heterogeneity between countries explored by I 2 . First, smoking status was modeled in three categories, and former and current smokers were compared with never smokers (reference). Second, for dose-response analyses for time since quitting and smoking intensity, smoking status was modeled with four dummy variables comparing two groups of former smokers (having stopped ,10 years and $10 years before recruitment) and two groups of current smokers (smoking at recruitment ,20 cigarettes/day or $20 cigarettes/day) to never smokers.
Model 1 was adjusted for age only. Educational level and the lifestyle factors of physical activity and consumption of alcohol, coffee, tea, vegetables, fruits, meat (total), and fish (total) were considered as potential confounding variables. Those variables were added one at a time to the age-adjusted model. Variables that changed the b coefficients for smoking status by $10% were included in the multivariable models. In model 2, educational level was included as well as center, physical activity, and consumption of alcohol, coffee, and meat. In a sensitivity analysis, model 2 was used to assess whether hypertension and family history of diabetes were potential confounding factors. Models 3 and 4 were constructed to study whether BMI and waist circumference were potential intermediate factors in the association between smoking and incident diabetes already adjusted for confounding factors.
Effect modification was tested using the interaction terms of smoking status categories with BMI (continuous), waist circumference (continuous), hypertension (yes/no), and family history of diabetes (yes/no) and in a model with adjustment for BMI or waist circumference. P values for the interaction terms were obtained by the Wald test per country and pooled using randomeffects meta-analysis. A two-sided P , 0.05 (P , 0.10 for interaction terms) was considered statistically significant. All analyses were performed with SAS version 9.3 software (SAS Institute, Cary, NC) except for the meta-analysis, which was conducted with Stata 13 software (StataCorp, College Station, TX).
RESULTS
Compared with the participants included in the analyses (10, ). In addition, the excluded participants had a lower consumption of alcohol, fruits and vegetables, meat, and fish but a higher consumption of coffee and tea (data not shown).
Baseline characteristics of the subcohort stratified by sex and smoking status are shown in Table 1 (men) and Table 2 (women). Never smoking men less frequently had abdominal obesity, were the most physically active, and had the highest educational level. Current smoking men had the lowest educational and physical activity levels and reported the lowest consumption of fruits and vegetables and highest consumption of alcohol, fish, and meat. The incidence of type 2 diabetes was similar in former and current smokers.
In contrast, women who never smoked were the oldest and had the highest BMI and largest waist circumference and the lowest educational and physical activity level. The current smoking women reported the lowest consumption of fruits and vegetables and the highest consumption of meat and coffee and were more likely to be normal weight. Incidence of type 2 diabetes was the lowest in former smoking women.
Information about the distribution of smoking characteristics by country can be found in Supplementary Table 1 . Overall, the number of cigarettes per day and pack-years of smoking was higher among men than among women. Table 3 shows that former and current smoking men had a higher hazard of type 2 diabetes than never smoking men ( Fig. 3 , model 2), but this was largely accounted for by BMI (I 2 = 29.9, P = 0.20) (Supplementary Fig. 4 , model 4 [including BMI]).
Additional adjustment for hypertension did not materially change the HRs for either sex (data not shown). Additional adjustment for family history of diabetes in the subset of the population with information on family history (a total of 6,404 incident type 2 diabetes cases and 6,409 subcohort individuals, of whom 281 developed type 2 diabetes) resulted in a slightly stronger association only for current smoking men compared with never smokers (data not shown).
The introduction of the potential intermediate factor waist circumference attenuated the HRs for former smoking men but did not affect the HRs for current smoking men ( 
Dose-Response Analyses
Long-term quitters ($10 years since quitting) had a higher hazard of type 2 diabetes than never smokers but a lower hazard than former smokers who quit more recently in both men and women. Current smoking men and women with the highest smoking intensity had the highest hazard of type 2 diabetes compared with never smokers (Supplementary Table 2 ).
Effect Modification
There was some evidence of effect modification by waist circumference and BMI in current smokers in men and in women for both former and current smokers. Analyses in strata of waist circumference and BMI, however, only showed slightly higher HRs for former and current smoking normal weight (BMI ,25 kg/m 2 ) men (Table 4) . Results of the dose-response analyses in strata of BMI showed a similar pattern (i.e., slightly higher HRs in lean former and current smokers) (Supplementary Table  3 ). There was some evidence of effect modification by hypertension in both sexes, but stratified analyses showed an inconsistent pattern (Table 4 ). There was no evidence for effect modification by family history (data not shown).
CONCLUSIONS
The main finding of this study is that former smokers and current smokers both have a higher risk of incident type 2 diabetes, with a somewhat stronger association in men than in women. The association was independent of educational level and lifestyle influences such as physical activity, alcohol consumption, and consumption of coffee and meat. Diabetes risk diminished for former smokers with a longer time since quitting and was higher for current smokers with a HRs (95% CIs) were derived from modified Cox proportional hazards regression and are pooled estimates from country-specific analyses using a random-effects meta-analysis. PA, physical activity.
higher smoking intensity in both sexes.
The association between smoking status and incident diabetes tended to be slightly stronger in men and women without overall and regional adiposity.
Strengths
The major strengths of this study are the prospective cohort design with a large sample size and the high number of incident diabetes cases with confirmed diagnosis identified during long-term follow-up. The measurements in the EPIC cohort included detailed assessment of smoking, diet, physical activity, and measured waist circumference and BMI. These cohort features allowed us to control for a large number of potential confounders and to explore effect modifiers and intermediate factors.
The Europe-wide scale of the investigation increases the generalizability of the findings.
Limitations
The people who were excluded from the data analyses were younger, had a lower BMI and larger waist circumference, and had a lower consumption of alcohol, fruits and vegetables, meat, and fish but a higher consumption of coffee and tea. In addition, the excluded people were less frequently never smokers and more frequently men and physically inactive.
Whether and in what direction this has affected the association under study is difficult to predict. Some of these differences may have led to an overestimation of the association (e.g., the difference in age and BMI), whereas others may have introduced an underestimation of the association (the difference in percentage of men). We cannot exclude the possibility that the differences in lifestyle factors between included and excluded participants may have given rise to a biased assessment of the impact of the lifestyle factors on the association between smoking status and incident type 2 diabetes.
Current Results in the Context of Previous Findings
The current findings are consistent with the results of the meta-analysis by Willi et al. (1) (2) . The merit of the current study is the ability to adjust for adverse lifestyle factors associated with both smoking and type 2 diabetes. Previous studies mostly took such factors into account as physical activity and alcohol consumption (14, 15) , but only 11 of the 46 studies included in the updated meta-analysis also adjusted for dietary factors (2).
Differences Between Men and Women
In the current study, the risk of type 2 diabetes associated with smoking was lower for women than for men, particularly for current smokers (HR . Additionally, the effect of adjustment differed between men and women wherein adjustment for confounding factors attenuated the risk in men, but in women, the risk was higher after adjustment. This might be partly due to the different distribution of diabetes risk factors among women across categories of smoking status compared with men. Women who were never smokers were the oldest and the most obese with the lowest education level, whereas men who were never smokers less frequently had abdominal obesity, were the most physically active, and had the highest educational level. In the updated meta-analysis, the association between smoking and incident type 2 diabetes was slightly stronger for men (2) . Two other studies, which were published after the cutoff date of the updated meta-analysis, also showed a slightly higher risk for men (16, 17) .
Former Smokers and Time Since Quitting
The current finding of a lower risk for diabetes with a longer time since quitting is in line with the few previous studies with data on time since quitting (15, (18) (19) (20) (21) . In the present study, longterm quitters still had a slightly elevated risk compared with never smokers, (32) or through increased abdominal fat accumulation in smokers (6) . Direct toxic effects of nicotine or other components of cigarette smoke on pancreatic b-cells is also a possibility because smoking is associated with chronic pancreatitis and pancreatic cancer (33) . Another indication for these direct effects is the cross-sectional observation in a recent meta-analysis that the mean HbA 1c concentrations in various nondiabetic populations were lowest in never smokers, intermediate in former smokers, and highest in current smokers (34) . Another mechanism may be that smoking is associated with chronic low-grade inflammation (32), which in turn is associated with the occurrence of type 2 diabetes (35) . On the other hand, we cannot exclude the possibility that the dose-response relationship between time since quitting and smoking intensity and incident diabetes may be the result of clustering of smoking with other (unmeasured or poorly measured) diabetes risk factors, even after adjustment for a large number of potential confounding factors.
Role of Confounding and Intermediate Factors
This study is one of the first with data on a large array of potential confounding factors, ranging from detailed information on diet, family history, and physical activity to measured waist circumference and BMI. Although adjustment for educational level, physical activity, and consumption of alcohol, coffee, and meat had some impact on the risk estimates for type 2 diabetes, the association between smoking status and type 2 diabetes was independent of these factors. The association between current smoking and type 2 diabetes was stronger after adjustment for waist circumference or BMI in this study, particularly in women. This may be explained by the smaller waist circumference and lower BMI observed in current smoking compared with never smoking women (negative confounding). Previous studies addressing the individual impact of BMI on the association between current smoking and type 2 diabetes also found stronger associations after adjustment in both men and women (14, 15, 28) . Most previous studies took BMI into account in multivariable models, but fewer also included waist circumference (2, 14, 23, 24, 30, 31, 36, 37) . The results from the current study illustrate the importance of considering waist circumference as an intermediate factor in the association between smoking and incident type 2 diabetes, particularly in current smoking women.
The association between smoking status and incident diabetes in this study tended to be slightly stronger in men without overall adiposity. Previous studies show inconsistent results, ranging from no evidence of effect modification by BMI (24, 37) to slightly stronger associations in people with overall obesity (1). Taken together, further studies are needed to resolve this issue of effect modification by overall and regional adiposity in the association between smoking and type 2 diabetes.
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